1. Introduction {#s0005}
===============

Although numerous studies have examined the neuroanatomical correlates of specific psychiatric disorders, fewer have compared brain morphometry across multiple types of psychopathology ([@bb0105]). Given that comorbidity among psychiatric disorders is common, there is a particular need for research comparing brain structure across disorders to identify unique and shared neurobiology. The NIMH Research Domain Criteria (RDoC) framework suggests that such investigations use a dimensional approach, which includes focusing on levels of psychopathology and symptoms found across multiple psychiatric disorders ([@bb0130]).

High levels of internalizing symptoms and impulsivity may have both shared and distinct neural substrates. Internalizing problems have core features of anxiety and/or depression, which often co-occur and have shared genetic risk factors ([@bb0050]). In contrast, impulsivity refers to the tendency to react quickly without considering the broader consequences of one\'s actions. On the one hand, their neural mechanisms may differ given that impulsivity has primarily been associated with externalizing rather than internalizing disorders ([@bb0010]; [@bb0125]; [@bb0175]). On the other hand, shared neurobiology is suggested by the prevalence of heterotypic comorbidity, which refers to cases of co-occurring internalizing and externalizing disorders ([@bb0370]). For example, up to half of children diagnosed with ADHD experience a comorbid mood disorder ([@bb0370]). In addition, a core feature across high levels of both internalizing symptoms and impulsivity is reduced top-down control over emotions and reward-related behavior, suggesting that differences in overlapping regions in the prefrontal cortex (PFC) may underlie both domains. Understanding which neural structures are associated with which symptom dimensions can help identify neural mechanisms that may be similar and distinct across multiple psychiatric disorders.

In general, most neuroimaging studies that have examined these questions have focused on adults and compared patient populations diagnosed with one or more psychiatric disorders to controls. Relatively fewer studies have investigated these associations during childhood, when neural mechanisms may differ from those in adulthood. Furthermore, it is crucial that we understand the neural correlates of continuous variability in these symptoms within or closer to the normal range. As such, in the current study, we examined differences in neural structure associated with continuous variability in anxiety symptoms, depressive symptoms, and impulsivity in children and adolescents. Given that anxiety and depression differ in important ways ([@bb0055]), they were examined separately to account for differences in the similarity of their underlying neuroanatomy to that of impulsivity.

1.1. Structural neuroimaging of anxiety symptoms {#s0010}
------------------------------------------------

Previous studies of pediatric anxiety problems have indicated structural differences in PFC regions, including ventromedial PFC (vmPFC) and anterior cingulate cortex (ACC) (see Supplementary Table S1). Although many structural MRI studies of psychiatric disorders have focused on cortical volume, this measure represents a composite of cortical thickness (CT) and surface area (SA), which are genetically, developmentally, and phenotypically independent ([@bb0245]; [@bb0360]). These findings have given rise to studies of surface-based morphometry, which is the approach we use here. Some studies of anxiety disorders have indicated decreased CT in PFC regions ([@bb0215]) whereas others have indicated increased CT in PFC regions ([@bb0110]; [@bb0300]). Differences in SA have also been found, although they have been less frequently examined. In a study using the same sample as that used here, children with higher levels of GAD symptoms were found to have decreased SA in vmPFC ([@bb0215]).

Some studies have reported smaller amygdala volumes in youth with mixed anxiety disorders ([@bb0195]; [@bb0200]; [@bb0305]), whereas others have found larger amygdala volumes in youth with GAD ([@bb0060]) and higher anxiety ([@bb0240]). In addition, smaller hippocampal volumes have been found for youth with mixed anxiety disorders ([@bb0110]; [@bb0200]). It should be noted that most of these studies were conducted with small samples, potentially contributing to some of the inconsistencies in results across studies.

1.2. Structural neuroimaging of depressive symptoms {#s0015}
---------------------------------------------------

In adults, major depressive disorder (MDD) tends to be linked with decreased CT in PFC regions, although areas of thickening have been found ([@bb0160]; [@bb0235]; [@bb0270]; [@bb0315]; [@bb0080]). Similarly, some studies of pediatric MDD have indicated decreased CT in PFC regions ([@bb0185]; [@bb0235]) (see Supplementary Table S2). In addition, in a longitudinal neuroimaging study, greater depressive symptoms or an MDD diagnosis at 3--6 years of age was associated with an increased rate of global cortical thinning across middle childhood and into early adolescence ([@bb0165]). However, other studies have indicated increased CT in PFC regions ([@bb0250]) or have failed to find differences in CT for adolescents with MDD ([@bb0270]; [@bb0350]). In terms of SA, a large meta-analysis found that adolescents with MDD had reduced SA in the medial OFC and superior frontal gyrus ([@bb0270]).

Studies of youth with MDD have also revealed structural alterations in limbic areas, including the hippocampus and amygdala. More specifically, these studies have indicated smaller hippocampal volumes ([@bb0020]; [@bb0045]; [@bb0135]; [@bb0180]) and smaller amygdala volumes ([@bb0255]). However, other studies of adolescents with MDD have not found differences in hippocampal volume ([@bb0255]; [@bb0280]; [@bb0330]) or amygdala volume ([@bb0045]). Finally, depression in children and adolescents has also been associated with volumetric differences in the dorsal ([@bb0190]; [@bb0280]; [@bb0330]) and ventral striatum ([@bb0350]), and functional differences in the pallidum ([@bb0065]).

Some evidence suggests that anxiety and depression may differ in their correlations with brain structure. For example, two prior studies of pediatric anxiety disorders found thicker cortex in PFC regions, specifically the ventromedial and ventrolateral PFC ([@bb0110]; [@bb0300]), whereas studies of pediatric MDD have indicated more mixed results with regard to CT, showing increased, decreased, or no differences in CT ([@bb0185]; [@bb0250]; [@bb0270]; [@bb0350]). Thus, in this study, anxiety and depression were examined separately.

1.3. Structural neuroimaging of impulsivity {#s0020}
-------------------------------------------

Impulsivity has been strongly associated with ADHD, which is linked with morphometric differences in PFC regions as well as other cortical regions ([@bb0210]; [@bb0325]). In addition, studies have directly addressed the associations between brain structure and impulsivity (see Supplementary Table S3). Higher levels of impulsivity have been linked with smaller GMV in PFC regions in children and adolescents ([@bb0030]; [@bb0175]). Few studies using surface-based morphometry have focused on children. In adults, higher impulsivity is linked with reduced CT in PFC regions, including the OFC, ACC, and middle frontal gyrus ([@bb0015]; [@bb0125]; [@bb0260]; [@bb0320]). One large-scale study of adolescents found that higher levels of impulsivity were associated with decreased CT in superior frontal cortex ([@bb0265]). In fMRI research, impulsivity has been correlated with greater activity in the ventral striatum during reward processing tasks ([@bb0095]). Similarly, higher levels of impulsivity have also been associated with larger GMV in the striatum in youth ([@bb0175]) and adults ([@bb0310]).

1.4. Patterns of structural brain development {#s0025}
---------------------------------------------

Associations of internalizing symptoms and impulsivity with brain structure may vary by age. Brain structure develops across childhood and adolescence, with evidence indicating that SA and CT develop in distinct nonlinear patterns. SA expands through childhood and early adolescence and then decreases through middle adulthood ([@bb0285]; [@bb0355]). CT decreases rapidly in childhood and early adolescence, followed by a more gradual thinning, and ultimately plateauing in early- to mid-adulthood ([@bb0205]; [@bb0245]; [@bb0275]; [@bb0365]). These developmental changes in CT and SA are thought to relate to synaptic pruning and increases in white matter myelination ([@bb0275]; [@bb0285]). Patterns of CT and SA development vary across cortical regions, with some regions exhibiting more nonlinear patterns of development than others ([@bb0205]).

A few studies have indicated differences in associations between internalizing symptoms and CT by age. For example, one study found an interaction between internalizing symptoms and age, such that internalizing symptoms were negatively associated with CT at younger ages (\<9 years), but positively associated with CT at older ages (15--22 years) ([@bb0075]). Thus, we explored interactions of anxiety, depression, and impulsivity with age and age^2^ for CT, SA, and subcortical volume.

1.5. Current study {#s0030}
------------------

In this study, we examined differences in gray matter morphometry associated with anxiety symptoms, depressive symptoms, and impulsivity in children and adolescents. Participants were 7- to 21-year-olds from the Pediatric Imaging, Neurocognition, and Genetics (PING) study for whom high-resolution, 3-Tesla, T1-weighted MRI and self-report measures of anxiety, depression, and impulsivity were available ([@bb0140]). We used both region-of-interest (ROI) and exploratory whole-brain approaches to identify CT, SA, and subcortical GMV differences based on the level of anxiety, depression, or impulsivity.

Based on previous research ([@bb0075]; [@bb0125]; [@bb0185]; [@bb0215]; [@bb0265]; [@bb0270]; [@bb0300]), ROIs included 11 PFC regions and 6 subcortical regions (e.g., amygdala, hippocampus, striatum; see [Table 2](#t0010){ref-type="table"} for the full list of ROIs). High levels of both internalizing symptoms and impulsivity are linked with reduced top-down control over emotions and reward-related behavior ([@bb0005]), suggesting that differences in overlapping regions in the prefrontal cortex (PFC) may underlie both domains. Coupled with direct evidence of PFC involvement in anxiety, depression, and impulsivity ([@bb0030]; [@bb0110]), these findings point to PFC regions as the most likely cortical regions to be shared across domains.

High levels of internalizing symptoms and impulsivity may have unique and shared neuroanatomical correlates. Based on previous studies ([@bb0030]; [@bb0215]), we hypothesized that they would be associated with CT in vmPFC and ACC, but only impulsivity would be associated with CT in lateral PFC regions. Medial PFC regions connect directly with the amygdala to support emotion regulation, whereas lateral PFC regions have been closely linked with top-down control more generally ([@bb0125]). We tentatively predicted that higher impulsivity would be linked to cortical thinning as opposed to thickening, but for anxiety and depression, no specific predictions were made about direction, based on the available research ([@bb0110]; [@bb0270]). At the subcortical level, we expected that both depressive symptoms and impulsivity would be associated with striatal volume, potentially in opposite directions, given the multiple roles of the striatum, which include reward-related processing and involvement in pleasure and anhedonia ([@bb0095]; [@bb0370]). In addition, only internalizing symptoms were expected to be associated with smaller amygdala and hippocampal volume, given their primary role in emotional reactivity and memory as well as mediating physiological stress responses ([@bb0150]).

We also explored whether associations of anxiety, depression, and impulsivity with brain morphometry varied by age. Given developmental changes in brain structure, these symptom domains may relate to brain structure differently depending on age. In addition, due to the nonlinear patterns of structural brain development across childhood and adolescence ([@bb0230]), we also examined the quadratic term for age as a moderator.

To our knowledge, only one prior study using PING data has examined associations between dimensions of psychopathology and gray matter morphometry, and this study focused on GAD symptoms ([@bb0215]). Thus, the current study is the first to provide a comprehensive picture of associations of anxiety symptoms, depressive symptoms, and impulsivity with gray matter morphometry in the PING study sample.

2. Methods {#s0035}
==========

2.1. Participants {#s0040}
-----------------

The PING study recruited 3- to 21-year-old participants through a combination of web-based and community advertising at nine university-based data collection sites located in or around Los Angeles, San Diego, New Haven, Sacramento, Boston, Baltimore, Honolulu, and New York (<http://pingstudy.ucsd.edu>/) ([@bb0140]; [@bb0215]). Exclusionary criteria included neurological disorder; history of head trauma; preterm birth; autism spectrum disorder, bipolar disorder, schizophrenia, or intellectual disability; and contraindications for MRI. Written informed consent was provided by parents for all participants \<18 years of age and by the participants themselves if they were ≥ 18 years of age. In addition, child assent was obtained for 7- to 17-year-old participants. Each site\'s Institutional Review Board approved the study.

Analyses for this study focused on the participants who completed web-based, self-report assessments of anxiety, depression, and impulsivity from the PhenX Toolkit (<http://www.phenxtoolkit.org>) (see [Table 1](#t0005){ref-type="table"} for sample characteristics) ([@bb0140]). This study uses all the data available in the PING sample regarding these constructs. Six of the nine PING sites chose to administer these assessments, which were given to participants ≥8 years of age. In total, 328 participants completed the anxiety and depression measures, and 254 participants completed the impulsivity measure. After accounting for the nesting of participants within site, there were no significant differences in age, sex, genetic ancestry, or parental education between this subsample and the participants who were eligible but did not complete these PhenX questionnaires. However, participants who completed these PhenX questionnaires came from higher income families compared to those who did not. Also, the PhenX questionnaires were often completed after neuroimaging. The time between when participants completed neuroimaging to when they completed the PhenX battery (*M* = 1.33 years; *SD* = 0.56) was not a significant covariate in any of the analyses.Table 1Descriptive statistics for sample characteristics.Table 1*M* (*SD*) or *n* (%)RangeAge at neuroimaging (years)13.65 (3.62)7.08--21.00Age at PhenX completion (years)14.80 (3.91)8.25--22.67Sex (male)172 (52.44%)--Family income (U.S. dollars)104,287.54 (76,810.78)4500.00-325,000.00Parental education (years)15.05 (2.26)6.00--18.00Genetic ancestry factor (GAF) African0.11 (0.25)0.00--1.00 American Indian0.06 (0.14)0.00--0.80 Central Asian0.03 (0.13)0.00--1.00 East Asian0.20 (0.34)0.00--1.00 European0.59 (0.38)0.00--1.00 Oceanic0.01 (0.03)0.00--0.23Scanner model Philips Achieva24 (8.11%) GE Discovery36 (12.16%) GE Signa47 (15.88%) Siemens TrioTim189 (63.85%)Anxiety28.82 (17.36)0.00--100.32 SCARED-R total score ≥ 33[a](#tf0005){ref-type="table-fn"}121 (36.89%)--Depression13.51 (10.08)0.00--59.00 CES-DC total score ≥ 15[b](#tf0010){ref-type="table-fn"}125 (38.11%)--Impulsivity129.22 (23.00)76.70--192.93[^2][^3][^4]

2.2. Image acquisition and processing {#s0045}
-------------------------------------

As described previously ([@bb0040]; [@bb0140]), each site administered a standardized high-resolution structural MRI protocol (see Supplementary Table S4 for scanner models and parameters); images were acquired on 3T scanners. T1-weighted imaging data included in this study passed standardized quality control procedures, including visual inspection ratings by trained imaging technicians and automated quality control algorithms. There was no manual editing of data that were deemed acceptable for inclusion. Morphometric analysis of structural MRI data was performed using a specialized processing stream in FreeSurfer (version 4.5) (<http://surfer.nmr.mgh.harvard.edu/>). CT was calculated as the shortest distance between the white and pial surfaces ([@bb0090]). ROI labels for 11 PFC regions were derived from the Desikan-Killiany Atlas using FreeSurfer\'s automated parcellation procedures ([@bb0070]; [@bb0090]) (see Supplemental Materials for details). Subcortical structures were labeled using FreeSurfer\'s automated, atlas-based, volumetric segmentation procedure ([@bb0140]).

2.3. Measures {#s0050}
-------------

### 2.3.1. Internalizing symptoms {#s0055}

Participants completed the Screen for Child Anxiety Related Emotional Disorders-Revised (SCARED-R) ([@bb0025]), a 66-item self-report measure of anxiety disorder symptoms. Participants rated how frequently they experience each item on a 3-point scale, ranging from 0 (*almost never*) to 2 (*often*). The total score was used in this study. The SCARED-R has demonstrated high reliability and validity ([@bb0025]).

Participants also completed the Center for Epidemiologic Studies Depression Scale for Children (CES-DC) ([@bb0085]), a 20-item self-report measure. Participants rate each item in terms of frequency during the last week using a 4-point scale, ranging from 0 (*not at all*) to 3 (*a lot*). The CES-DC has strong psychometric properties ([@bb0085]). The SCARED-R total score and CES-DC total score were strongly correlated (*r* = 0.56, *p* \< .0001), consistent with the high comorbidity of anxiety and depressive disorders ([@bb0050]).

### 2.3.2. Impulsivity {#s0060}

Participants completed the 59-item UPPS-P Impulsive Behavior Scale ([@bb0345]), which includes the Lack of Premeditation/Planning (11 items), Negative Urgency (12 items), Sensation Seeking (12 items), Lack of Perseverance (10 items), and Positive Urgency (14 items) subscales. Items on these subscales are rated on a 4-point scale ranging from 1 (*strongly agree*) to 4 (*strongly disagree*). The UPPS-P total score was used in this study. The strong psychometric properties of the UPPS-P have been well documented ([@bb0345]).

### 2.3.3. Genetic ancestry factors (GAFs) {#s0065}

GAFs were calculated to estimate the degree of genetic similarity of the participant to each of six reference populations ([@bb0140]). More specifically, GAFs estimated the proportion of European, African, American Indian, East Asian, Central Asian, and Oceanic ancestry for each participant. Previous PING studies have shown strong correlations between genetically-determined and self-reported ancestry ([@bb0140]).

2.4. Statistical analysis {#s0070}
-------------------------

Based on previous studies ([@bb0075]; [@bb0125]; [@bb0185]; [@bb0215]; [@bb0265]; [@bb0300]), a priori ROIs included 11 PFC regions (vmPFC/medial OFC, lateral OFC, rostral ACC, caudal ACC, pars orbitalis, pars opercularis, pars triangularis, rostral middle frontal gyrus, caudal middle frontal gyrus, superior frontal gyrus, and frontal pole) and six subcortical regions (amygdala, hippocampus, putamen, caudate, nucleus accumbens, and pallidum). Multiple regression analyses tested associations with anxiety symptoms, depressive symptoms, and impulsivity, separately, in each ROI. Age, age^2^, sex, GAFs, and scanner model were also included in the regression models; subcortical GMV analyses additionally controlled for whole brain volume. We first examined interactions of anxiety/depression/impulsivity with age and age^2^ for CT, SA, and subcortical volume. None of these interactions were significant. Also, there were no significant interactions of anxiety, depression, or impulsivity with sex. Family socioeconomic status (family income, parental education) was associated with SA but not CT, and thus these variables were included as covariates in analyses of SA but not CT ([@bb0220]). To control for multiple comparisons, a false discovery rate (FDR) correction was applied to the CT, SA, and subcortical GMV analyses, separately (α = 0.05). Exploratory, whole-brain, vertex-wise analyses were conducted using the PING portal (10 mm smoothing kernel) (<http://pingstudy.ucsd.edu>/).

3. Results {#s0075}
==========

3.1. Associations of regional CT with anxiety, depression, and impulsivity {#s0080}
--------------------------------------------------------------------------

As shown in [Table 2](#t0010){ref-type="table"}, higher levels of both depressive symptoms and impulsivity were significantly associated with reduced CT in vmPFC/medial OFC. Given that depressive symptoms and impulsivity were significantly correlated, *r* = 0.33, *p* \< .001, we then conducted analyses in which they were entered simultaneously into the same model. As shown in [Fig. 1](#f0005){ref-type="fig"}, higher levels of depressive symptoms remained significantly associated with decreased CT in vmPFC/medial OFC, *β* = −0.09, *p* = .0196, but impulsivity did not, *β* = −0.06, *p* = .1204. Higher levels of impulsivity, but not anxiety or depression, were significantly associated with reduced CT in the frontal pole, rostral middle frontal gyrus, and pars orbitalis (see [Table 2](#t0010){ref-type="table"} and [Fig. 2](#f0010){ref-type="fig"}). After excluding youth with a parent- or self-reported history of ADHD (*n* = 19; 8.52%), results remained significant.Table 2Associations of CT in PFC regions and subcortical ROI GMV with levels of anxiety, depression, and impulsivity.Table 2Anxiety symptomsDepressive symptomsImpulsivity*βp*FDR-corrected *pβp*FDR-corrected *pβp*FDR-corrected *p***Cortical ROI**Ventromedial PFC/medial OFC−0.080.02190.1205−0.120.00120.0132−0.100.01470.0404Lateral OFC−0.070.05210.1433−0.070.03590.0744−0.080.04590.0631Frontal pole−0.030.53580.5894−0.090.03430.0744−0.130.00590.0325Rostral ACC−0.060.15290.2812−0.070.10020.1378−0.060.18530.2265Caudal ACC−0.050.24280.3339−0.040.39090.3909−0.050.33650.3365Rostral middle frontal gyrus−0.040.20570.3232−0.070.04060.0744−0.100.00390.0325Caudal middle frontal gyrus−0.080.02040.1205−0.040.21420.2618−0.080.03220.0572Pars orbitalis−0.090.04510.1433−0.090.03940.0744−0.120.01250.0404Pars opercularis−0.030.53130.5894−0.040.37990.3909−0.100.03640.0572Pars triangularis−0.020.59670.5967−0.070.06500.1021−0.050.26230.2885Superior frontal gyrus−0.050.15340.2812−0.080.01250.0688−0.080.02370.0521  **Subcortical ROI**Amygdala−0.050.12570.2514−0.070.02960.0592−0.060.11130.2638Hippocampus−0.080.05680.2514−0.110.01450.0435−0.070.13190.2638Caudate−0.040.41190.6179−0.040.44720.64790.040.46240.4624Putamen−0.0020.95900.95900.010.72280.72280.050.29620.3884Nucleus accumbens−0.0030.94080.9590−0.020.53990.64790.040.32370.3884Pallidum0.070.10110.25140.100.01210.04350.100.02440.1464[^5][^6]Fig. 1Cortical thickness ROI showing associations with depressive symptoms. Values on the Y axis were adjusted for age, age^2^, sex, GAFs, and scanner model. Although the right hemisphere is depicted here, analyses averaged across right and left hemispheres. Depression scores are average item scores on the CES-DC.vmPFC, ventromedial prefrontal cortex.OFC, orbitofrontal cortex.Fig. 1Fig. 2Cortical thickness ROIs showing associations with impulsivity. Values on the Y axis were adjusted for age, age^2^, sex, GAFs, and scanner model. Although right hemispheres are depicted here, analyses averaged across right and left hemispheres.MFG, middle frontal gyrus.Fig. 2

3.2. Associations of regional SA with anxiety, depression, and impulsivity {#s0085}
--------------------------------------------------------------------------

There were no significant associations of anxiety symptoms, depressive symptoms, or impulsivity with SA in any of the ROIs.

3.3. Associations of subcortical GMV with anxiety, depression, and impulsivity {#s0090}
------------------------------------------------------------------------------

As shown in [Table 2](#t0010){ref-type="table"}, higher levels of depressive symptoms were significantly associated with smaller hippocampal volume and larger pallidum volume. Anxiety symptoms and impulsivity were not significantly associated with volume of any of the subcortical ROIs.

3.4. Exploratory whole-brain analyses {#s0095}
-------------------------------------

Using the PING portal to focus on CT and SA, no significant clusters emerged for anxiety symptoms, depressive symptoms, or impulsivity (*p* \< .05, FDR-corrected) after adjusting for age, age^2^, sex, GAFs, and scanner model. However, CT in medial PFC regions was associated with depressive symptoms at an uncorrected *p*-value of 0.001 (see Fig. S1).

3.5. Supplemental categorical analyses {#s0100}
--------------------------------------

Data on formal diagnosis of depressive or anxiety disorders were not available. However, we also employed a categorical approach by comparing youth above and below the clinical-range cut-off for an anxiety disorder and/or MDD (see [Table 1](#t0005){ref-type="table"}) in terms of CT, SA, and subcortical GMV. The results were the same, with similar sized effects (see Supplementary Table S5).

4. Discussion {#s0105}
=============

The goal of this study was to examine associations of cortical surface anatomy and subcortical GMV with continuous variability in anxiety and depressive symptoms and impulsivity in children and adolescents. Impulsivity has been more commonly associated with externalizing rather than internalizing disorders ([@bb0370]) and thus was predicted to differ from anxiety and depression in its neural substrates. At the same time, heterotypic comorbidity is common in youth, and difficulties with self-regulatory control are shared across internalizing problems and impulsive behavior. Thus, some neural mechanisms may be shared across internalizing symptoms and impulsivity. Findings indicated that in separate models, higher levels of both depressive symptoms and impulsivity were linked with reduced CT in vmPFC/medial OFC, but when considered simultaneously, only depressive symptoms were uniquely associated with reduced CT in this region. Higher impulsivity, but not anxiety or depressive symptoms, was significantly associated with reduced CT in the frontal pole, rostral middle frontal gyrus, and pars orbitalis.

These findings are consistent with research linking the vmPFC/medial OFC with depression ([@bb0160]; [@bb0235]; [@bb0315]; [@bb0080]). In fact, in a recent meta-analysis of neuroimaging studies of MDD, the medial OFC showed the largest effect sizes ([@bb0270]). A core feature of affective disorders is difficulty with the regulation of negative emotions, skills that depend in part on the vmPFC. Through direct connections with the amygdala, the vmPFC/medial OFC plays a critical role in dampening reactivity to negative emotional stimuli ([@bb0075]; [@bb0115]; [@bb0185]; [@bb0215]; [@bb0330]). The vmPFC/medial OFC has also been implicated in reward-related decision-making and self-report measures of impulsivity ([@bb0030]), and thus may have dual roles in terms of involvement in internalizing symptoms and impulsivity ([@bb0170]). Findings from this study are partially consistent with this notion, and point to this region as the most likely to relate to both symptom domains.

Lateral PFC regions, such as the rostral middle frontal gyrus and pars orbitalis, have been associated with cognitive control. The construct of impulsivity, including how it is operationalized here, is strongly tied to regulatory skills or cognitive control, regardless of the emotional or motivational significance of the context. Certainly, impulsivity describes approach-related behaviors in the context of reward, but it may also capture these tendencies outside of the reward context as well. This conceptual link between impulsivity and cognitive control may explain these associations with lateral PFC.

In this study, increased depressive symptoms and impulsivity were associated with thinner rather than thicker PFC. For impulsivity, this direction of association is consistent with prior studies of CT in children and adolescents ([@bb0265]) and adults ([@bb0125]; [@bb0260]; [@bb0320]). Similarly, studies of adult MDD generally report cortical thinning, especially in the medial OFC ([@bb0160]; [@bb0235]; [@bb0270]; [@bb0080]). Studies of adolescent MDD have reported increased, decreased, or no differences in CT ([@bb0165]; [@bb0235]; [@bb0250]; [@bb0270]; [@bb0280]). Although we did not find any interactions with age for CT, more attention to potentially modifying factors such as age, timing, or duration of symptoms may explain differences in the direction of association, especially given evidence of divergent patterns for first-episode compared to recurring MDD ([@bb0100]).

Higher levels of depressive symptoms and impulsivity could be linked with altered developmental trajectories of cortical thinning during childhood. In typical development, CT decreases rapidly in childhood and early adolescence, followed by a more gradual thinning, and ultimately plateauing in early- to mid-adulthood ([@bb0040]; [@bb0245]). Early exposure to chronic stress, which often precedes elevations in internalizing symptoms, has been linked with accelerated brain development in both animal models and human studies ([@bb0175]). In addition, a longitudinal neuroimaging study of early-onset depression revealed an increased rate of global cortical thinning into early adolescence ([@bb0165]). Similarly, another recent longitudinal study found accelerated frontal lobe cortical thinning in adolescents who developed depression by early adulthood ([@bb0035]). Our results linking higher levels of depressive symptoms with reduced CT in vmPFC/medial OFC are consistent with a pattern of accelerated maturation. However, this interpretation is speculative as longitudinal data were not available for this sample. In addition, other interpretations are also possible, including the possibility of excessive cortical thinning that is age invariant.

It should also be noted that prior work has suggested developmental delays in cortical thinning in children with ADHD ([@bb0290]) and internalizing problems ([@bb0075]). Of course, longitudinal studies are needed to formally test whether developmental trajectories of CT vary with symptomatology, and fortunately a growing number of these studies are being published ([@bb0035]; [@bb0075]; [@bb0165]; [@bb0290]; [@bb0350]).

At the subcortical level, higher levels of depressive symptoms, but not impulsivity, were significantly associated with smaller hippocampal volume. These results are consistent with previous studies ([@bb0020]; [@bb0135]; [@bb0310]), including a longitudinal study indicating that adolescents who were later diagnosed with MDD showed attenuated growth of the hippocampus ([@bb0350]). One possibility is that these effects could be due to stress-induced chronic hyperactivity of the hypothalamic-pituitary-adrenal (HPA) axis. Indeed, the hippocampus has a high density of glucocorticoid receptors and plays a key role in the negative feedback loop of the HPA axis. Chronically elevated HPA activity could lead to neuronal atrophy or inhibition of neurogenesis in the hippocampus ([@bb0020]).

Higher depressive symptoms were also associated with larger volume in the pallidum, part of the basal ganglia involved in reward-processing and hedonic experience ([@bb0295]). This finding could be due to symptoms of anhedonia, which have been linked with structural and functional differences in the pallidum ([@bb0065]). Studies of adults have tended to link MDD with smaller pallidal volume ([@bb0145]; [@bb0225]), although anhedonia has been associated with larger pallidal volume ([@bb0335]).

It is not clear why associations with cortical SA were not found. Reduced SA in PFC regions has been linked with MDD ([@bb0270]) and higher GAD symptoms in children and adolescents ([@bb0215]). We did not find any interactions with age or age^2^ for SA, precluding the possibility that the lack of findings for SA reflect a failure to account for the linear and quadratic developmental patterns in SA. Additionally, none of the associations between brain structure and anxiety symptoms survived correction for multiple comparisons. This is possibly due to aggregating across types of anxiety, and future studies should delve deeper into specific types of anxiety in this sample.

Strengths of this study include the large sample size, use of a youth sample closer to the normal range of symptoms (as compared to case-control designs), rigorous quality control and standardized processing of MRI data, and conservative statistical procedures that accounted for multiple comparisons. Findings from this study should also be interpreted taking into account several limitations. This study employed a cross-sectional, correlational design, precluding our ability to make causal inferences about development ([@bb0155]). The broad age range is another limitation given that it spans puberty, as well as the continued development of brain structure and symptomatology throughout adolescence. Of note, there were no significant interactions of anxiety, depression, or impulsivity with age or age^2^ for CT, SA, or subcortical volume. In addition, the measurement of anxiety/depression symptoms and impulsivity via self-report may have inflated the correlation between them to some degree, although it was only in the small to medium range (*r* = 0.17--0.33). Relatedly, another limitation is the lack of psychiatric interviews. Finally, the primary analytic approach of this study was consistent with comparing brain morphometry across internalizing and externalizing dimensions (although we examined anxiety and depression separately). Although data were not available on externalizing behaviors such as aggression and rule-breaking behavior, impulsivity has been put forth as a key symptom dimension underlying externalizing disorders ([@bb0010]). Methodological factors, such as MRI acquisition parameters or subcortical volume quantification procedures, may contribute to inconsistencies in the literature. Previous studies have noted possible inaccuracies of the FreeSurfer automated segmentation methods for measuring subcortical volumes ([@bb0340]), and have highlighted differences between automated segmentation and manual tracing procedures ([@bb0120]). However, this approach is consistent with the many previous large-scale studies that have used FreeSurfer methods, and rigorous quality control procedures were used in the PING study ([@bb0140]).

In summary, we investigated shared and unique gray matter morphometry associated with continuous variability in anxiety symptoms, depressive symptoms, and impulsivity among children and adolescents. Higher levels of depressive symptoms were uniquely associated with reduced CT in vmPFC/medial OFC. Higher levels of impulsivity, but not anxiety or depression, were significantly associated with reduced CT in lateral PFC regions (rostral middle frontal gyrus, pars orbitalis) and the frontal pole. Higher levels of depressive symptoms, but not impulsivity, were significantly associated with smaller hippocampal volume and larger pallidal volume. These findings shed light on the similarities and differences in underlying neuroanatomy of internalizing symptoms and impulsivity during childhood and adolescence.
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Supplementary materialImage 1

Data collection and sharing for this project was funded by the Pediatric Imaging, Neurocognition, and Genetics Study (PING) (National Institutes of Health Grant RC2DA029475). PING is funded by the National Institute on Drug Abuse and the Eunice Kennedy Shriver National Institute of Child Health & Human Development. PING data are disseminated by the PING Coordinating Center at the Center for Human Development, University of California, San Diego. This work was also made possible by funding from the Annie E. Casey Foundation; Teachers College, Columbia University; and a National Institute of Mental Health (NIMH) training grant (T32MH13043).

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.nicl.2018.07.020>.

[^1]: Data used in preparation of this article were obtained from the Pediatric Imaging, Neurocognition, and Genetics Study (PING) database (<http://ping.chd.ucsd.edu>). As such, the investigators within PING contributed to the design and implementation of PING and/or provided data but did not participate in analysis or writing of this report. A complete listing of PING investigators can be found at <https://ping-dataportal.ucsd.edu/sharing/Authors10222012.pdf>.

[^2]: Note. Sample size is 328 for demographics, anxiety, and depression; 313 for GAFs; 296 for scanner model; and 254 for impulsivity. Anxiety, depression, and impulsivity total scores are presented. SCARED-R, Screen for Child Anxiety Related Emotional Disorders-Revised; CES-DC, Center for Epidemiologic Studies Depression Scale for Children.

[^3]: The recommended clinical-range cutoff score ([@bb0025]).

[^4]: The recommended clinical-range cutoff score ([@bb0085]).

[^5]: Note. Multiple regression analyses tested associations with anxiety, depression, and impulsivity, adjusting for age, age^2^, sex, GAFs, and scanner model. Analyses of subcortical GMV additionally corrected for whole brain volume.

[^6]: CT, cortical thickness; ROI, region-of-interest; PFC, prefrontal cortex; OFC, orbitofrontal cortex; GMV, gray matter volume.
